We analyse the performance of statistical reconstruction (SR) methods when applied to non-continuous x-ray detectors. Robustness to projection gaps is required in x-ray CT systems with multiple detector modules or with defective detector pixels. In such situations, the advantage of statistical reconstruction is that it is able to ignore missing or faulty pixels and that it makes optimal use of the remaining line integrals. This potentially obviates the need to fill the sinogram discontinuities by interpolation or any other approximative preprocessing techniques. In this paper, we apply SR to cone beam projections of (i) a hypothetical modular detector micro-CT scanner and of (ii) a system with randomly located defective detector elements. For the modular-detector system, SR produces reconstruction volumes free of noticeable gap-induced artefacts as long as the location of detector gaps and selection of the scanning range provide complete object sampling in the central imaging plane. When applied to randomly located faulty detector elements, SR produces images free of substantial ring artefacts even for cases where defective pixels cover as much as 3% of the detector area.
Introduction
A large fraction of research and development in tomographic imaging is devoted to increasing volume coverage and resolution of the images obtained and to decreasing the associated scanning time. One of the consequences of this trend is a steady increase in the area of x-ray detectors. This, in turn, raises the probability of occurrence of defective elements (pixels) within the detector. If not corrected for, defective detector elements result in disturbing ring artefacts and, in the case of cone-beam imaging, in streaks that cross a number of adjacent slices (Tang et al 2001) .
Non-continuous projections are also inherent to x-ray CT systems with modular detectors. The development of this technology is also spurred by the above-mentioned trend to increase the volume coverage, as it allows to combine a number of high resolution, high speed, but small field-of-view detectors into one large-area camera. As an example, the CT scanner recently proposed by Ross et al (2006) uses two high resolution flat-panel detector modules to achieve isotropic volume coverage within a configurable field-of-view with maximal diameter of 33 cm. Micro-CT imaging is another potential application field for modular detector technology. Many of the currently available micro-CT systems rely on cooled CCD cameras coupled to a scintillation screen by means of a fibre-optic taper or plate. Electron multiplying CCDs (EMCCDs) may be used within such a setup to provide low read-out noise even at very high frame rates. This might allow for a reduction of the required radiation dose and create possibilities for dynamic (e.g. cardiac) small animal imaging (Jerram et al 2001 , Hynecek 2001 , Robbins and Hadwen 2003 , Nagarkar et al 2004 , Nagarkar et al 2006 . A potential limitation is that it is difficult to manufacture large-area EMCCDs, necessary for example for rat imaging. This size limitation can be overcome by building the detector out of many units based on single, small field-of-view chips.
The presence of detector discontinuities may pose a serious challenge for reconstruction algorithms. Currently, the suppression of ring and streak artefacts caused by the presence of defective detector elements is achieved either by pre-processing of the sinograms (Rivers 1998 , Tang et al 2001 or by post-processing of reconstructions (Sijbers and Postnov 2004, Riess et al 2004) . The approximative nature of those approaches often results in inaccurate corrections. The gaps between detector panels in modular setups are usually significantly larger than the discontinuities induced by the presence of faulty pixels and therefore require another approach to artefact reduction. Ross et al (2006) replaced the line integrals belonging to a gap between detector modules by their conjugate (or complementary) rays. Such complementary rays correspond to the following detector location:
where θ is the view angle of the projection containing the original ray, α is the fan angle of this ray, θ determines the projection containing the conjugate ray and α is the fan angle of this ray (Kak and Slaney 1988) . For the single, off-centre gap of Ross et al (2006) , filling in the discontinuities with conjugate rays significantly reduced gap-related artefacts.
Regions of deteriorated image quality were however still observable. Moreover, patching with complementary rays may not suffice in situations where there are more discontinuities between the detector panels. More sophisticated approaches to gap-artefact reduction may also be necessary outside the central imaging plane, where no conjugate ray pairs carrying exactly the same projection data are present. No matter what is the source of detector discontinuities, a reconstruction algorithm robust to non-continuous projection data and able to reconstruct them without approximations often involved in pre-processing is clearly desirable. Statistical reconstruction (SR) seems to be perfectly suited for this task. Since it is not based on analytical inversion formulae, but on detailed system modelling, SR has shown itself to be more immune than analytical methods to problems arising from insufficient object sampling (Manglos 1992 , Michel et al 2005 . This suggests that it might reduce image artefacts also in the case of non-continuous projections, perhaps indeed without any pre-processing in the sinogram domain. SR also possesses other numerous advantages that may find use in wide field-of-view, high resolution, low noise x -ray CT imaging: (i) greater flexibility with respect to the choice of image acquisition geometries and thus the placement of detector modules, (ii) reduced vulnerability to cone-beam artefacts , (iii) the ability to incorporate precise models of photon transport, which allows for suppression of beam-hardening and/or scatter-induced artefacts (De Man et al 2001 , Elbakri and Fessler 2002 , Zbijewski and Beekman 2006 and (iv) the potential to reduce the imaging dose required to achieve a given resolution-noise trade-off Beekman 2004, Ziegler et al 2004) . Some recent conference abstracts and presentations (Basu and de Man 2005, Zbijewski and , as well as patent applications (Hsieh et al 2006) prove the growing interest of the scientific community in the application of SR to non-continuous projection data. To the best of our knowledge, however, no peer-reviewed publication has appeared so far that would evaluate SR in application to this particular reconstruction task. The aim of the present paper is therefore to investigate the efficacy of statistical reconstruction for cone-beam x-ray micro-CT systems based on modular detector technology and to assess its robustness to the presence of faulty detector elements. The circular setup analysed here is particularly challenging, since the reconstruction algorithm has to deal not only with data missing due to detector gaps, but also with projection incompleteness inherent to circular cone-beam imaging geometry. The paper focuses on the influence of the spatial distribution of detector discontinuities and on the effects of the choice of the angular scanning range on the performance of SR.
Methods

Phantom and simulation
Micro-CT projections of a digital phantom approximating the rat abdomen (figure 1) were simulated. The phantom was derived from a digital mouse phantom (Segars et al 2003) by scaling it to the size of a rat (width: 58.2 mm, height: 54.5 mm). The densities of the tissues composing the phantom were as follows: body: 1.05 g cm −3 , intestines: 1.03 g cm −3 , substance filling the intestines: 0.3 g cm −3 , spine: 1.42 g cm −3 , other bones (the hips): 1.92 g cm −3 . The phantom was discretized onto a 1024 × 1024 × 160 grid having a voxel size of 0.069 mm. This simulation grid was 64 times denser than the target reconstruction grid; a voxelization this fine was previously found more than sufficient to make an adequate estimate of real density distributions (Goertzen et al 2002) . The phantom was completely contained within the x-ray beam of the simulated micro-CT system. The projections were computed by ray-tracing based on Siddon's algorithm (Siddon 1986) . A mono-energetic x-ray beam with energy of 38 keV was assumed; detector efficiency was not included in the simulation. System dimensions were as follows: source-to-detector distance equal to 172 mm, source-to-centre-of-rotation distance equal to 121 mm. The detector consisted of 500 × 125 elements, the pixel size being 0.2 mm. Sub-sampling of six rays per detector element was used during the simulation. Six hundred projections were computed over a full circle. After the simulation, Poisson noise was generated in the projections; 1.5 × 10 6 photons/detector pixel in an unattenuated x-ray beam were assumed.
The cone-angle of the centre of the outermost slice of the phantom was 2.6
• . For statistical reconstruction, this axial location corresponds approximately to the outer border of a region free of any significant cone-beam artefacts.
Gap configurations
The first part of this study examines the performance of statistical reconstruction for CT scanners based on modular detector setups. Three configurations were tested: (i) a large continuous detector, (ii) a detector set-up with two 4 mm wide gaps placed symmetrically around the central ray and (iii) a detector set-up with two 4 mm wide gaps placed asymmetrically around the central ray. In the latter case, both discontinuities were shifted by 2 mm with respect to their placement in the symmetric configuration. At least one of the rays from every conjugate pair in the full-scan projection data set was therefore recorded by the detector.
For both modular detectors, the distance between the gaps was 35 mm. The trans-axial location of every gap was the same for every detector row. Figure 2 shows sinograms for the central detector row for the two non-continuous detector configurations.
Simulation of faulty detector pixels
The cases of randomly distributed faulty pixels covering 0.5% of detector area, 1% of detector area and 3% of detector area were examined. In every case, approximately one third of the defects was selected to have a size of 2 × 2 detector elements, the remainder of the discontinuities consisted of a single malfunctioning pixel. 
Image reconstruction
Statistical reconstruction in the presence of discontinuities was tested with the ordered subsets convex (OSC) algorithm (Kamphuis and Beekman 1998 , Erdogan and Fessler 1999 , Beekman and Kamphuis 2001 , Kole and Beekman 2005 . OSC accelerates the convex algorithm (Lange 1990 ) by utilizing the concept of ordered subsets (OS, Hudson and Larkin (1994) ). During OS reconstruction, only one subset of projections at a time is used for updating the image estimate, and this update together with a different subset of projections is then used to calculate the next update. By definition, an entire iteration of OSC is completed when all subsets have been processed once; this takes roughly the same processing time as one iteration with the standard convex algorithm. For the study of modular detectors, three different angular ranges of scanning were considered: (i) a full-scan, comprising 600 projections and taken over a 360
• range, (ii) an over-scan, comprising 480 projections and covering a range of 288
• and (iii) a short-scan, comprising 360 projections and covering a range of 216
• . In the latter case, the scan contained five more projections than required by the short-scan condition of 180
• + fan angle. By slightly increasing the angular range, greater flexibility was achieved with respect to the possible subset choices. For every projection dataset, 60 subsets were used and 50 iterations of reconstruction were executed. Performance of SR for detectors with defective pixels was studied using only the full-scan and short-scan ranges.
The reconstruction grid used in SR consisted of 512 × 512 × 80 voxels. As in the simulation, ray-tracing through the grid was performed with Siddon's algorithm; a subsampling of four rays per detector pixel was utilized. The reconstructions obtained were subsequently folded onto a 256 × 256 × 40 grid (voxel size: 0.276 mm) by averaging assemblies of eight voxels. Reconstructing on a fine grid followed by rebinning removes edge artefacts that would occur if the reconstruction was performed directly on a 256 × 256 × 40 grid (Zbijewski and Beekman 2004) .
Feldkamp reconstructions (Feldkamp et al 1984) of the simulated full-scan projections were also obtained. A 256 × 256 × 40 grid was used and a Hamming filter was employed for noise apodisation (cut-off: 0.9 of the Nyquist frequency). For detector areas corresponding to discontinuities, missing line integrals were filled in by their conjugate rays, if available. For out-of-centre detector rows, the rays from a conjugate pair defined by equation (1) do not convey exactly the same line integral information. Nevertheless, the conjugate ray substitution was also applied to these out-of-centre detector locations. Complementary rays belonging to the same detector row were always used. Whenever none of the rays from a conjugate pair was present in the data, the gaps were filled in by second-order polynomial interpolation. The interpolation was performed within each detector row separately.
As will be discussed later, it will most probably be necessary to use much more sophisticated interpolation/rebinning schemes in order to achieve optimal performance of analytical methods for non-continuous projection data. No solution to this problem has so far been presented in the literature. The primary goal of this paper is however to assess the efficacy of SR for non-continuous projection data, not to make a detailed comparison of the two reconstruction methods. Feldkamp results presented here are meant to give the reader a feeling about the severity of gap-induced artefacts in the case when only the simplest protective measures are taken.
Assessment of artefact strength
Noisy reconstructions were inspected visually. Additional quantitation of artefact strength was performed as a part of the study of modular detector systems. This quantitative assessment was carried out using a set of reconstructions of noise-free projections, so that the noise-induced error component was excluded from the evaluation. Mean error was computed for each of the noiseless images:
where µ(k) andμ(k) are the kth pixel value in the phantom and in the reconstruction, respectively. ME was computed over a union of four image regions belonging to areas most severely polluted by gap-induced artefacts. These regions are shown as white squares in figure 1. Figure 5. OSC reconstructions of projections with symmetrically located gaps. For every angular range tested, the incompleteness of projection data caused by gaps leads to significant artefacts in the images obtained.
Results
Modular detector systems
slice of the volume. This artefact is caused by the incompleteness of the circular cone-beam geometry (Kak and Slaney 1988) . Figure 5 shows the results of OSC reconstruction for the symmetric configuration of gaps and various angular acquisition ranges. Only the central slice of the volume is depicted. Even for the full-scan, obvious gap-induced artefacts are visible in the reconstruction; their appearance did not change significantly for other angular ranges tested. Figure 6 shows central slices of OSC reconstructions obtained for the asymmetric placement of gaps. Figure 7 depicts the outermost slices of the same reconstructions. When asymmetrical configuration of gaps is combined with a full-scan acquisition, statistical reconstruction results in images that are hard to distinguish from the reconstructions of continuous projections. The artefacts are removed almost completely both from the central slice and from the off-centre slices of the reconstructed volume. When the acquisition arc is reduced below the full-scan, streak artefacts start to emerge even for the asymmetric configuration of detector gaps. The extent and the strength of these disturbances appears larger for the short-scan than for the over-scan. In both cases the magnitude of the gapinduced inaccuracies reduces with the number of iterations. In figure 8 , the mean error of OSC reconstructions is plotted for different angular scanning ranges. In all cases the error attained for symmetric configuration of gaps is almost one order of magnitude larger than the error attained for the reconstruction of continuous projection data. Asymmetric placement of gaps reduces the artefacts to a level significantly lower than in the symmetric configuration. The closer one gets to a full-scan, the smaller the difference in mean error values between the asymmetric gap configuration and the gap-free detector. For the case of a full scan, the ME for the asymmetric setup follows very closely the ME obtained for the continuous detector. This artefact rejection can be observed both for the central and for the off-centre (outermost) slice of the reconstructed volume, as demonstrated in the bottom row of figure 8. With increasing iteration number, some decrease in the ME value can be observed for every configuration of gaps and every angular range tested, confirming the trend visible in figures 6 and 7. Despite the incompleteness of projection data inherent to cone-beam geometry, effective removal of gap-induced artefacts is achieved for a full scan and asymmetric placement of gaps. Note also the lack of any apparent cone-beam artefacts in the slices presented.
Faulty detector pixels
Figures 9 and 10 present reconstructions based on projections containing various fractions of defective detector elements. The related artefacts are less intense than those encountered for the case of the modular detector design; a somewhat narrower grey scale was therefore used for display. In the central imaging plane and for a full scan, a ring artefact is visible only for the case of faulty pixels covering 3% of detector area and for a low iteration number of OSC. The arrows in the top row of figure 9 point to this disturbance. This artefact is removed from the reconstruction at later iterations of SR, as demonstrated in the second row of figure 9. Two bottom rows of figure 9 demonstrate increase in the number and intensity of ring artefacts that occurs once the scanning range is reduced below a full-scan. Figure 10 displays the off-centre image slices. At low iterations of OSC, some ring artefacts can be perceived for every percentage of defective detector pixels and for both scanning ranges. Again, those errors are significantly reduced at later iterations of reconstruction. The removal is however much more complete for the full-scan data than for the short-scan acquisition. At the narrow grey scale used here, some modulation of the image intensity can be observed for the outermost volume slice. Similarly to the case of the intensity drop in the Feldkamp image of figure 4, this intensity modulation can be attributed to the incompleteness of the circular cone-beam geometry. It should be noted, however, that SR results in much lower magnitude of the cone-beam artefact than analytical reconstruction. For a full scan (rightmost panels in both rows), the ME curve for the asymmetric placement of gaps is close to the ME curve for a continuous detector, indicating effective removal of gap-induced artefacts for this detector configuration. The artefacts are almost completely suppressed both in the central and in the off-centre slice. For scan ranges shorter than a full circle, full removal of reconstruction errors caused by the gaps cannot be achieved even for high iteration numbers. Nevertheless, the asymmetric configuration of gaps results in the ME being almost one order of magnitude lower than the symmetric configuration.
Discussion
The results obtained for the modular detector system suggest that the completeness of projection data in the central imaging plane is crucial for successful reduction of discontinuity-related artefacts by statistical reconstruction. Figure 11 compares the symmetric and asymmetric gap configurations in the central imaging plane. The two overlapping rays drawn with continuous and dashed lines belong to the conjugate pair as defined by equation (1). If the gaps are placed symmetrically with respect to the detector centre, both rays from a conjugate pair are missing for every integration line coinciding with a detector gap. An incomplete projection data set is therefore obtained. Even though statistical methods are usually more immune to data insufficiencies than analytical algorithms, in this case SR Figure 9 . OSC reconstructions of projections containing varying percentages of defective detector elements. Central slices of the volumes are displayed. Compressed grey scale was selected to emphasize the artefacts. For full-scan acquisition, some ring artefacts are perceivable only for the case of faulty pixels covering 3% of the detector area and only at the early iterations of the reconstructions (first row, artefacts pointed out by the arrows). Reduction of the scanning range to a short-scan (third and fourth rows) results in a significant increase in the number and intensity of the ring artefacts.
is directed away from the true, artefact-free solution towards an erroneous reconstruction containing a localized ring artefact. As long as a full-scan acquisition is performed, the asymmetric placement of detector modules, illustrated in figure 11(b) , guarantees a complete projection data set in the central imaging plane. Outside the central plane, every conjugate pair of rays that traverses through a given image voxel contains integration lines differing in the cone angle (Tang et al 2005) and the completeness of the projection data is therefore destroyed, regardless of the acquisition Similarly to the case of the central axial slice, ring artefacts are more frequent and more pronounced for the short-scan than for the full-scan data. Reduction of the artefacts with increasing OSC iteration number is also apparent.
arc. Despite this, SR images obtained for the asymmetric gaps configuration and a fullscan acquisition are practically free of gap-related artefacts, even in the out-of-centre slices. No significant disturbances have been observed for cone-beam angles up to approximately 2.6
• . This is not the case for the Feldkamp reconstruction supported by complementary ray substitution. The error of this substitution grows with the axial distance from the central imaging plane and the gap-related artefacts in Feldkamp-reconstructed images increase likewise. In SR, artefacts start to emerge in the reconstructions only once the scanning arc is reduced below the full circle and the completeness of projections in the central imaging plane is compromised. It has also to be noted that the magnitude of cone-beam artefacts is much smaller for statistical than for analytical reconstruction methods. All these results suggest that the main strength of SR in dealing with non-continuous detectors lies in its ability to optimally utilize all the available projection data. This ability goes beyond mere conjugate ray substitution, but some degree of data completeness has to be assured in order to achieve artefact-free reconstructions. For the circular cone-beam geometry studied here, the completeness of object coverage in the central imaging plane seems to be a good indicator of SR's performance in dealing with detector discontinuities. The presence of defective detector pixels should not by itself hamper the completeness of the projection data in the central imaging plane. That could only happen if some of the faulty elements would coincide with the isocentre of the system or if some pairs of the degraded pixels would contain conjugate rays, which is not likely due to the randomness of the distribution of the defects. It follows from the discussion of the case of modular detectors that SR should be able to provide images free of any significant artefacts also for projections corrupted by the presence of randomly distributed degraded pixels. The only additional pre-processing required is to locate the defective cells and to instruct the algorithm to neglect them during the reconstruction. Once this is done, SR is able to obtain images free of noticeable ring artefacts even if faulty elements constitute as much as 3% of the detector surface. Similarly to the case of a modular detector system, reduction in the strength of the artefacts is possible only if a full-scan acquisition is performed. Scanning ranges shorter than full-circle lead to incomplete projection data sets in the central imaging plane, resulting in artefacts.
For analytical reconstruction, there is clearly a need for more sophisticated projection completion schemes than the conjugate ray substitution. The application of consistency conditions satisfied by Radon transforms (Natterer (1986) , Kudo and Saito (1991) , Patch (2002) and references therein) to the problem of non-continuous projection data has recently been proposed in Chen and Leng (2005) . Although promising, the method derived there seems to leave some discontinuity-induced artefacts uncorrected even for a single gap covering about 5% of the detector area and for a 360
• acquisition. Our results indicate that in this case SR would result in error-free images. Another potentially helpful solution would be to precede the analytical reconstruction with penalized-likelihood smoothing of the sinogram (La Pan 2000, La Rivière 2005) . If the modelling of projection discontinuities is incorporated into this smoothing, one may expect that the gaps would be filled in a continuous way. This in turn could minimize the reconstruction artefacts. Algorithms developed for recovery of missing areas in images and video frames can also be used to patch the detector discontinuities. Recently proposed methods, such as the adaptive sparse reconstruction technique (Guleryuz 2006a (Guleryuz , 2006b ) result in robust estimates of image data even for cases when the missing areas are relatively large and contain complicated transitions.
Conclusions
Our results demonstrate the robustness of statistical reconstruction algorithms to noncontinuous projection data. Almost artefact-free images have been obtained both for a system with gaps between detector modules covering as much as 10% of its area and for a conventional scanner with randomly distributed faulty detector elements accounting for up to 3% of the total number of pixels. No sophisticated interpolation, rebinning or projection completion schemes were necessary. However, an important condition which must be fulfilled is that the location of detector discontinuities and the scanning protocol guarantee complete object sampling in the central imaging plane. For all the cases studied in our simulation, fulfilment of this requirement was sufficient to obtain practically artefact-free reconstruction also for off-centre image slices, where the projection dataset was no longer complete. Images free of any noticeable gapinduced artefacts have been achieved even at axial locations where significant cone-beam artefacts were visible in Feldkamp reconstructions; the cone-beam artefacts themselves have been greatly reduced in SR as compared to analytical reconstruction.
SR not only allows for the removal of artefacts induced by gaps or dead-pixels, it also provides great flexibility with respect to the system geometry, allowing, for example, for arbitrary placement of detector segments. Both these properties make SR an excellent candidate for use in x-ray CT systems based on modular detector configurations.
